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Purpose:
To determine the improvement of radiologist efficiency and performance in the detection of bone metastases at serial follow-up computed tomography (CT) by using a temporal subtraction (TS) technique based on an advanced nonrigid image registration algorithm.
Materials and
Methods:
This retrospective study was approved by the institutional review board, and informed consent was waived. CT image pairs (previous and current scans of the torso) in 60 patients with cancer (primary lesion location: prostate, n = 14; breast, n = 16; lung, n = 20; liver, n = 10) were included. These consisted of 30 positive cases with a total of 65 bone metastases depicted only on current images and confirmed by two radiologists who had access to additional imaging examinations and clinical courses and 30 matched negative control cases (no bone metastases). Previous CT images were semiautomatically registered to current CT images by the algorithm, and TS images were created. Seven radiologists independently interpreted CT image pairs to identify newly developed bone metastases without and with TS images with an interval of at least 30 days. Jackknife free-response receiver operating characteristics (JAFROC) analysis was conducted to assess observer performance. Reading time was recorded, and usefulness was evaluated with subjective scores of 1-5, with 5 being extremely useful and 1 being useless. Significance of these values was tested with the Wilcoxon signed-rank test.
Results:
The subtraction images depicted various types of bone metastases (osteolytic, n = 28; osteoblastic, n = 26; mixed osteolytic and blastic, n = 11) as temporal changes. The average reading time was significantly reduced (384.3 vs 286.8 seconds; Wilcoxon signed rank test, P = .028). The average figure-of-merit value increased from 0.758 to 0.835; however, this difference was not significant (JAFROC analysis, P = .092). The subjective usefulness survey response showed a median score of 5 for use of the technique (range, [3] [4] [5] .
Conclusion:
TS images obtained from serial CT scans using nonrigid registration successfully depicted newly developed bone metastases and showed promise for their efficient detection.
q RSNA, 2017 Online supplemental material is available for this article. Additional inclusion criteria for positive cases were as follows: (a) there were fewer than 10 lesions per patient, (b) the minimum lesion diameter was greater than 5 mm, and (c) lesions were suggestive of metastases on at least one study (osteolytic and/ finer resolution and a better signal-tonoise ratio, the burden on radiologists to detect metastases has been increasing, posing a substantial challenge because of the huge amount of anatomic information. To improve radiologist efficiency and performance in the detection of bone metastases, we hypothesized that a temporal subtraction (TS) technique could enhance the detection of newly developed bone metastases on CT images. The detection of temporal changes is crucial in interpreting diagnostic images, and the benefit of detecting temporal changes with TS has been described in various fields (9-13); however, use of TS to visualize bone metastases on CT images has not been reported. The purpose of our study was to determine the usefulness of a TS technique based on an advanced nonrigid image registration algorithm, termed large deformation diffeomorphic metric mapping (LDDMM), in the detection of bone metastases on serial follow-up CT images.
Materials and Methods
Our study was performed with financial support from a Kyoto University 
Advances in Knowledge
n By using temporal subtraction (TS) images, the average reading time to detect bone metastases on CT images decreased significantly, from 384.3 to 286.8 seconds.
n Although significant improvement in lesion detection could not be shown, with subjective scores of 1-5, observers found that the TS images improved their diagnostic confidence from 3 to 4 in the median. For a long time, technetium 99m bone scintigraphy has been recognized as one of the most effective methods with which to detect bone metastases, and fluorine 18 ( 18 F) fluorodeoxyglucose (FDG) positron emission tomography (PET) has been shown to be useful because of its high sensitivity and specificity (1) (2) (3) (4) . Recently, 18 F fluoride PET has been reported to have superior sensitivity to bone scintigraphy in the detection of bone metastases (5) . Recent advancements in magnetic resonance imaging have enabled wholebody imaging of bone metastases with fine image quality (6) . However, those examinations are not always performed routinely in patients with cancer.
For a long time, computed tomography (CT) has been used as the primary modality with which to examine local recurrence and distant metastases for clinical follow-up of patients with cancer. Multidetector CT has been shown to have the ability to depict faint lesions characterized by small osteolytic or osteoblastic changes in trabeculae, the bony cortex of bone metastases, or both (7, 8) . Although the capability of CT is improving continuously, with TECHNICAL DEVELOPMENTS: Temporal Subtraction of Serial CT Images Sakamoto et al Table 1 Characteristics of the Subjects for the Observer Study Note.-CE = contrast enhanced, nCE = unenhanced.
* Data are mean 6 standard deviation. Data in parentheses are the range.
of 2, mild to moderate artifact (partial bandlike subtraction artifact in a bone); and a score of 3, severe artifact (bandlike subtraction artifact in a bone and/ or apparent misalignment of a bone). The appearances of bone metastases (osteolytic, osteoblastic, or mixed) on TS images were recorded. This image review was performed by two radiologists (R.S., K.F.).
Observer Study
Seven radiologists (M.Y., T.K., Y.E., T.A.) with 6-28 years of experience in interpretation of torso CT images independently interpreted a pair of current and previous CT images for each subject in the axial stack mode. They were allowed to change the window level and window width. They were asked to identify new bone metastases by marking the location of each suspicious lesion with the percentage likelihood of it being a metastasis. This experiment was a fully crossed multireader multicase or osteoblastic change at CT and/or substantial focal uptake at FDG PET or bone scintigraphy). The diagnosis was confirmed by finding continued growth on subsequent CT images or by clinical data supporting the diagnosis of bone metastases. Control subjects and their CT studies were selected to match the age, sex, primary lesion, and scanning interval of the patients with positive findings. These conditions were confirmed, in consensus, by two radiologists (R.S., K.F.: 9 and 13 years of experience in interpretation of torso CT images, respectively) who did not participate in the observer study by consulting all available clinical information registered before and after the current study, including medical records, laboratory data, images, and CT, bone scintigraphy, and FDG PET reports. A total of 65 bone metastases were identified in 30 patients and were considered the reference standard.
Imaging area and use of intravenous contrast material varied according to the patient's disease or status. Details of the cases and scanning conditions, the range, and the average interval for paired CT scans are summarized in Table 1 .
TS Method
Details of the process for creating TS images are described in Appendix E1 (online) and Figure 1 . In brief, previous CT images were manually registered to current ones to match the position of the bronchial bifurcation. The rest was performed automatically; affine transformation was followed by the nonrigid registration algorithm, LDDMM. TS images were obtained by subtracting transformed previous images from current images.
Image Review
The location (humeral head to clavicle, sternum area, scapula, rib, thoracic spine, lumbar spine, pelvis to femoral head area) and the severity of subtraction artifacts on TS images were recorded for each location to evaluate registration quality. Artifacts were graded by using a three-point scale: a score of 1 indicated no artifact; a score 
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on the type of lesion. Osteolytic metastases appeared as areas of low signal intensity on TS images (Fig 3a) .
Osteoblastic changes appeared as areas of high signal intensity (Fig 3b) . Mixed osteolytic and osteoblastic metastases had a heterogeneous appearance, with areas of low and high signal intensity (Fig 3c) . In some cases, nonneoplastic temporal bone changes, such as degenerative compression fracture, development of Schmorl nodes, healed rib fractures, subchondral cysts, and osteophytes, also were observed. Outside of the skeletal structure, artifacts were observed due to the difference in imaging conditions (eg, with or without contrast material) or large morphologic changes in the gastrointestinal organs. Representative cases with these changes or subtraction artifacts are shown in Figure 4 .
The average sensitivity at lesionbased analysis was not significantly increased from 58.0% (37. The free-response receiver operating characteristic is shown in Figure 5 . The figure of merit (FOM) value (equivalent value of the area under the receiver operating characteristic curve) for each radiologist was improved for
Results
The processing time for LDDMM for each case ranged from approximately 2 to 10 hours depending on the scanning area. The average processing time for images of the chest, chest-to-upper abdomen, and chest-to-pelvis were 2 hours 32 minutes, 4 hours 37 minutes, and 6 hours 11 minutes, respectively. The overall mean age was 66.5 years 6 9.6 [standard deviation], and the overall age range was 45-84 years. There were 32 men (mean age, 69.6 years 6 8.6; age range, 52-84 years) and 28 women (mean age, 63.0 years 6 9.5, age range, 45-81 years) (P = .019) in this study. The details of the 65 bone metastases considered with the reference standard were as follows: mean size, 20.5 mm 6 14.0; number of bone metastases per patient with positive findings, 2.2 6 1.3; 28 osteolytic metastases; 26 osteoblastic metastases; and 11 mixed osteolytic and osteoblastic metastases.
The skeletal structure of previous and current CT images was almost perfectly registered except for the humeral head-to-clavicle area, scapulae, and ribs (Table 2) . Obvious misalignments were observed more frequently in the scapulae than in other bones. In regard to the subtraction artifacts of ribs, almost all artifacts were noticed at the tips of the ribs. In the cases with positive bone metastasis findings, bone metastases were located in the humeral head and clavicle area (n = 1), sternum (n = 6), scapulae (n = 4), ribs (n = 13), thoracic spine (n = 8), lumbar spine (n = 17), and pelvis-to-femoral head area (n = 16). The appearance of bone metastases on TS images varied, depending detect only with TS images: specifically, lesions that were false-negative without TS images and true-positive with TS images under the condition that a likelihood of 51% or higher was considered positive. Conversely, TS images were considered detrimental to lesions that at least one radiologist could detect only without TS images: specifically, lesions that were true-positive without TS images and false-negative with TS images under the condition. Changes in sensitivity between the sessions without and those with TS images were also analyzed for each location and each appearance of bone metastases.
Statistical Analyses
The difference in age between female and male subjects was analyzed with the Mann-Whitney U test. Median scores for subtraction artifacts were compared among areas by using the Kruskal-Wallis test followed by post hoc analysis with the Mann-Whitney U test with Bonferroni correction. Interobserver agreement was assessed with weighted k statistics. Sensitivity of lesion-based analysis, number of falsepositive findings per patient, sensitivity and specificity of case-based analysis, reading time, and confidence level were compared between the two sessions by using the Wilcoxon signed rank test. Sensitivity and specificity were analyzed under the condition that a lesion with 51% or higher likelihood of being metastasis was considered a positive finding. For a case-based analysis, a case with at least one positive lesion was considered positive. Jackknife free-response receiver operating characteristic (JAFROC) analysis (14,15) was used to evaluate radiologist performance. The analysis was conducted by using freely available JAFROC software (JAFROC, version 4; http://www.devchakraborty. com) with random readers and random cases models. The change in sensitivity was compared among lesion location and appearance by using the KruskalWallis test. SPSS (IBM SPSS Statistics for Windows, version 21.0; IBM, Armonk, NY) was used for statistical analyses, and P , .05 indicated a significant difference. Note.-The subtraction artifact was graded with a three-point scale: 1, no artifact; 2, mild to moderate artifact (partial bandlike subtraction artifact in a bone); and 3, severe (bandlike subtraction artifact in a bone or apparent misalignment of a bone).
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The review of the results showed both beneficial and detrimental effects of TS images (Fig 6) . Beneficial effects were seen in 39 lesions; one lesion was beneficially affected for six radiologists, and six lesions were beneficially affected for four radiologists. In these cases, bone metastases appeared as (survey 1) improved significantly from 3 to 4 (P = .043) when using TS images. Usefulness of TS images (survey 2) yielded sufficiently high scores (median, 5), and all observers recognized the advantage of TS images (3 at minimum). The FOM, reading time, and results of the two surveys are shown in Table 3. all observers except one, and the average FOM value was improved from 0.758 to 0.835; however, this difference was not significant (P = .092).
The average reading time was decreased significantly from 384.3 seconds to 286.8 seconds (P = .028). Radiologists' median confidence in their interpretation 
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Sakamoto et al of rigid bones. This could be attributed to the substantial differences in bone configurations between serial CT scans due to different patient positioning or degree of inspiration, requiring highly elastic and accurate image transformation for registration.
To reduce the misregistration artifacts and enhance the diagnostic value of TS, accurate image registration is inevitable. LDDMM is a well-known nonrigid registration algorithm that is designed to cope with a large amount of deformation. It has been previously confirmed that LDDMM is feasible for serial chest CT images (19) . Thus, this method was adopted to create precise TS images in our study. The result showed sufficient registration for skeletal structures on serial CT images to depict the various appearances of bone metastases successfully. Although its incremental value was not significant, our technique showed promise for improving radiologist performance in the detection of bone metastases. It was also shown that improvement did not depend on lesion appearance. Previous TS studies reported that TS is more beneficial for residents who have less experience in diagnostic imaging than attending radiologists (10, 11) . Since all observers in our study were highly trained radiologists, an investigation with residents remains as a future work. In addition, under the present experimental conditions, the observers were given unlimited time to detect bone metastases. Consequently, they tended to take longer to read CT images when compared with the time spent for their routine clinical work. Thus, investigating the advantage of TS images in the actual clinical setting in a prospective study is also important. In our study, TS images helped us detect small lytic lesions located at the ribs or pelvic bones. Several computer-aided detection methods for bone metastases at torso CT have been reported previously (20) (21) (22) ; however, they focused only on vertebral lesions. Although vertebrae are the most vulnerable sites for bone metastases (23), metastases can occur at any site in the The appearance-and lesion-wise comparisons of the change in sensitivity showed no significant differences; however, there was a decrease in sensitivity at the scapulae with TS images in this analysis (Table 4) .
Discussion
Image registration methods are particularly important in radiation therapy and volumetric imaging (16) (17) (18) . One of the major applications is TS; however, to our knowledge, this technique has not been put into practical use for clinical CT images, even for the skeletal structure, although it consists small osteolytic lesions, without apparent destruction of the bony cortex. These lesions were found at the ribs, pelvic bones, and posterior column of the vertebrae. Detrimental effects were seen in 33 lesions; four lesions were detrimentally affected for three radiologists, and no lesion was detrimentally affected for more than three radiologists. Three of the four lesions were located on or close to the scapulae, where severe subtraction artifacts were often observed. Both beneficial and detrimental effects were seen in 20 lesions. Examples of these cases, showing the advantages and disadvantages of TS images, are shown in Figure 6 . When radiologists use a computeraided diagnosis system, viewing and assessing its output may require additional time (19) . However, our TS technique even improved the efficiency of this task in detecting newly developed bone metastasis by significantly decreasing reading time by 25% for this task. The result of the survey also showed increased diagnostic confidence. These results could be understood because less confidence in the diagnosis would lead to repetitive image viewing time.
Our TS images showed not only temporal changes caused by bone metastases but also various nonneoplastic changes, such as degenerative and traumatic changes. Although this seems to confuse radiologists, the result showed sufficiently high average specificity in the detection of metastases. This might be because TS is based on a simple principle, in contrast with computeraided diagnosis, which typically uses complex image features.
There were several limitations in our study. First, bone lesions were not confirmed at histologic analysis. In the clinical setting, it is rare to perform biopsy to obtain histologic confirmation of bone metastases when a primary lesion is evident. Thus, the best effort was made by consulting all available clinical information, as mentioned in the Subject Population section. Second, this method requires large computational resources and long calculation times because of the large size of thin-section CT image data, and no comparison was made to any other registration algorithm on the aspect of computational effort and registration accuracy. Optimization of the registration algorithm or consideration of a more efficient algorithm will be the subjects of important future work before this system is introduced into the clinical workflow. Third, the LDDMM algorithm was applied solely organs or vessels. These issues require further verification. However, the harm would be minute to none due to the higher density of bones versus that of organs, even if enhanced. The artifacts would not substantially hinder radiologists' ability to detect bone metastases because the artifacts are distributed outside of the bones on which radiologists focus their attention during detection. Our method was not sufficiently successful in depicting bone metastases located on or close to the skeletal bones. Our TS method enabled visualization of bone metastases in all scanned areas, which is highly advantageous when compared with these other methods. In some cases, we used image sets of previous and current CT studies with different conditions of contrast enhancement, since scanning conditions with serial CT are not always the same in the clinical setting. The difference may harm the registration accuracy of bones and may cause subtraction artifacts in enhanced to serial clinical CT scans, without simulations with phantoms. The empirical setting we previously used showed satisfactory results; however, more detailed optimization based on numeric simulations may lead to more precise registration, and this would be one of the future tasks. Fourth, we have not investigated the effect of variability in imaging conditions, such as use of contrast agent and selection of scanning protocol, on TS images of bones. Fifth, we evaluated the utility of TS images only in the detection of newly developed bone metastases. In a previous study, we used a Jacobian map, which indicates local volume change, to visualize temporal changes in existing lesions (19) . It could be that a Jacobian map of bone metastasis could reflect temporal changes in the volume or shape of existing lesions. Sixth, since our ultimate goal is to apply this TS technique to patients with cancer with various disease stages, including those who have bone metastases in the initial assessment, our study population may differ from the cancer population (selection bias). Seventh, all observers read the studies without and then with TS images. We consider that the reading-order bias could be kept minimal by setting a reading interval for a washout period; however, the reading order bias might not be completely eliminated.
In conclusion, TS images obtained with serial CT scans and use of nonrigid registration successfully depicted newly developed bone metastases and showed promise for use in their efficient detection. Table 4 Appearance-and Lesion-wise Comparisons of Change in Sensitivity for Detecting Bone Metastases Note.-A positive observation was defined as a likelihood score of 51% or higher assigned by an observer.
